Associations between exposure to smoke during wildfire events and respiratory symptoms are well documented, but the role of airway size remains unclear. We conducted this analysis to assess whether small airway size modifies these relationships. Methods: We analyzed data from 465 nonasthmatic 16-to 19-yearold participants in the Children's Health Study. Following an outbreak of wildfires in 2003, each student completed a questionnaire about smoke exposure, dry and wet cough, wheezing, and eye symptoms. We used log-binomial regression to evaluate associations between smoke exposure and fire-related health symptoms, and to assess modification of the associations by airway size. As a marker of airway size, we used the ratio of maximum midexpiratory flow to forced vital capacity. Results: Forty percent (186 of 465) of this population (including students from 11 of 12 surveyed communities) reported the odor of wildfire smoke at home. We observed increased respiratory and eye symptoms with increasing frequency of wildfire smoke exposure. Associations between smoke exposure and having any of 4 respiratory symptoms were stronger in the lowest quartile of the lung function ratio (eg, fire smoke 6ϩ days: prevalence ratio: 3.8; 95% confidence interval (CI ϭ 2.0 -7.2), compared with the remaining quartiles (fire smoke 6ϩ days: prevalence ratio ϭ 2.0; 1.2-3.2). Analysis of individual symptoms suggests that this interaction may be strongest for effects on wheezing. Conclusions: Small airways may serve as a marker of susceptibility to effects of wildfire smoke. Future studies should investigate the
C ombustion-related ambient air pollution is a well-documented cause of respiratory symptoms among children. 1, 2 However, aside from a history of asthma, specific phenotypes determining individual susceptibility have not been well characterized. A more complete understanding of susceptibility factors may have implications for clinical management of respiratory symptoms and the development of prevention strategies for protecting susceptible individuals from hazardous inhalation exposures.
Previous analyses of data from the University of Southern California Children's Health Study (CHS), a longitudinal study designed to evaluate the health effects of chronic air pollution exposure among children living in 12 southern California communities, 3, 4 found negative associations between ambient air pollutant concentrations and measurements of lung function development. [5] [6] [7] During October and November 2003, 14 wildfires spread across southern California and affected the communities from which participants were recruited. The health effects of exposure to smoke from the intense and, in some communities, long-lasting wildfires were not limited to persons with asthma. 8 Indeed, the responses observed among nonasthmatic children were more consistent than those among asthmatic children, who were far more likely to take preventive actions and medications that may have attenuated the effects of smoke exposure. 8 Among asthmatic and nonasthmatic children alike, small airways relative to lung size are an anatomic feature of the lung with functional implications. Airway size relative to lung size is smaller, on average, for young boys than young girls; however, throughout childhood and adolescence, boys' airways grow relatively more in size compared with the lung parenchyma, resulting in larger relative airway size in young men. 9, 10 This pattern of development and the resulting differences in airway size compared with lung size have been suggested as 1 of the reasons for the difference in respiratory health symptoms observed in girls and boys. 9, 11 Although direct measurements of airway size are not readily available, the ratio between measures of midexpiratory flow and lung capacity has been shown to be correlated with airway size. 12 We hypothesized that among teenagers without asthma, airway size may affect susceptibility to the acute effects of wildfire smoke. Using the results of pulmonary function assessments completed 5-10 months before the wildfires began and data collected before and after the 2003 wildfire episode, we investigated the effect of the ratio of maximum midexpiratory flow (MMEF) to forced vital capacity (FVC), used here as a measure of airway size, on the positive associations reported previously between wildfire smoke and symptoms. 8 
METHODS
We conducted an epidemiologic analysis using data collected from study participants regarding their health symptoms and exposures to wildfire smoke. Methods have been described previously 3, 4 ; briefly, this longitudinal study was designed to evaluate the health effects of chronic air pollution exposures among children living in 12 southern California communities. Following the wildfires, members of elementary school-and high school-aged cohorts provided additional data about their wildfire exposures and health symptoms. For this analysis, we used data from the high school-aged cohort, whose 834 members were initially enrolled in 1996 as fourthgrade students and for whom pulmonary function testing was included in the last CHS survey performed before the wildfires. When the survey was conducted following the wildfires, these students were 16-to 19-year-old 12th graders. We further limited our analyses to include only those students without a history of asthma (n ϭ 550, 66%), which was determined using responses about an asthma diagnosis reported at the time of the baseline survey or at the time of the prefire pulmonary function testing. Specifically, participants were classified as having asthma at baseline based on parents' responses to the question "Has a doctor ever diagnosed this child as having asthma?" Participants were categorized as having prefire asthma diagnosis if, at the time of the last pulmonary function test before the wildfires, they gave a positive response to the question "Has a doctor ever said you had asthma?" This exclusion was applied to reduce the likelihood of including persons for whom the measurements of lung capacity may have been affected by asthma. Finally, we excluded 85 of the 550 members (15%) of the cohort due to missing data for any of the following: pulmonary function (n ϭ 6), respiratory symptom or eye symptoms (n ϭ 39), or fire exposure (n ϭ 17). Our final study population included 465 students from 12 southern California communities.
Following the wildfires, each respondent completed a self-administered questionnaire. Questionnaires were completed an average of 65 days after November 3, 2003 , the last day of the wildfires (median: 37 days; range: 15-380 days); 95% of all questionnaires were completed before April 5, 2004 , 154 days after the fires ended. To assess exposure to smoke from the wildfires, we used the following postfire questionnaire item: "On how many days during the time of the fires could you smell smoke inside the home where you were staying during the fires?" The time of the fires was specified as "the last 2 weeks of October 2003," and respondents were asked to circle a response from the following options: not at all, 1-2 days, 3-5 days, 6 -10 days, all days, and do not know. As with previous analysis of these data, we categorized the frequency of having smelled smoke indoors as none, 1-5 days, and 6ϩ days. 8 Respiratory and eye symptoms were assessed using responses to the self-administered fire questionnaire described previously. 8 Symptom questions were posed using the following phrasing: "During the time of the fires (the last 2 weeks of October 2003), did you have any of the following:" The question was followed by a list of symptoms, including those assessed as outcomes in this analysis: (1) dry cough first thing in the morning, (2) dry cough at night, (3) wet cough (congestion in the chest or phlegm production), (4) wheezing or whistling in the chest, (5) itchy or watery eyes, and (6) irritated eyes. As a proxy for allergy status, we created a single variable to indicate whether each respondent experienced any of the following allergy-related symptoms: allergies, hay fever, or runny nose, as reported by parents in the baseline questionnaire. We also categorized individuals as having a history of wheezing based on a question from the baseline questionnaire about ever having whistling in the chest or wheezing, including when he or she had a cold.
The ratio of MMEF to FVC has been used as an indicator of airway size in previous epidemiologic research. 13 In our analyses, we used measurements of lung function obtained from January through May 2003-that is, the last pulmonary function testing that participants completed before the wildfires began. Because of the sex-related differences observed in pulmonary function measurements, we created separate sex-specific quartiles for girls and boys. In this analysis, we compared the exposure-symptom associations among participants in the lowest sex-specific ratio quartile to those generated by participants in the remaining upper 3 ratio quartiles.
We estimated associations between exposure to fire smoke and respiratory and eye symptoms by using logbinomial regression analysis. Associations between exposure to fire smoke and each of the respiratory and eye symptoms were assessed in separate models, each specified with a binomial error distribution and a log link. Included in each of the final models are indicator variables for the frequency of fire smoke exposure (1-5 days, 6ϩ days), an indicator variable for the airway quartile and 2 terms for the interaction of airway quartile and fire smoke exposure. To account for prefire, background air pollutant exposure levels, all models were also adjusted for community-level measurements of particles with aerodynamic diameter less than 10 g (PM 10 ), included as the community-specific annual average of the 24-hour average concentration (micrograms/square meter). PM 10 collection methods have been described in previous publications. 4, 5 In these analyses, associations are reported as prevalence ratios (PRs) with 95% confidence intervals (95% CIs). For all analyses, associations are reported separately for airway size quartiles 1 and 2-4.
In addition, we conducted a sensitivity analysis to assess the influence on our estimates of adjustment for additional covariates, namely sex, race (white/nonwhite), Hispanic ethnicity, parental education level (high school or less than high school/completed some college or technical school 4 or more years of college), allergy symptoms, and community of residence. We also assessed whether the results generated in our analyses were different for the populations with and without a history of allergies and without a history of wheezing. Due to small numbers in the exposure and outcome categories when stratified by allergy or wheezing history, the statistical models failed to converge. We therefore grouped the 4 respiratory outcome variables to assess the associations between the fire smoke exposure variables and any versus none of the 4 respiratory symptoms (morning dry cough, night-time dry cough, wet cough, and wheezing) and any versus none of the eye symptoms (irritated, itchy, and watery eyes). We performed all analyses using SAS version 9.1 (SAS Institute Inc., Cary, NC, USA).
RESULTS
Forty percent of participants (186 of 465) reported the smell of smoke from the wildfires inside the home, with notable variation in the percentages among communities (range: 0%-72%, median: 40%). Fire smoke for 6ϩ days was reported in 10 of the 12 communities, and in only 1 community did no participant report the smell of fire smoke inside their homes. Overall, our final study population consisted of predominantly white, non-Hispanic students aged 16 to 17 years. The population excluded due to missing data (15%, 85 of 550) had a slightly higher percentage of female, nonwhite, and Hispanic respondents (Table 1) .
At the time of the baseline questionnaire, the percentage of participants for whom any of the 3 allergy-related symptoms were reported was similar among boys and girls (Table 2 ). On average, the magnitudes of the spirometric measurements taken at the time of the last prefire pulmonary function examination were higher among boys. In the questionnaire completed following the wildfires, dry cough in the morning, wet cough, and both eye symptoms were reported among a slightly higher percentage of girls than boys (Table 2) , and all of the respiratory and eye symptoms were more common among participants in the lowest quartile of lung function ratio than among participants in the remaining quartiles (Table 3) . Table 4 shows consistently positive associations between the duration of exposure to wildfire smoke and selfreported respiratory and eye symptoms following the fires. Elevated associations were observed in both categories of lung function ratio, with higher prevalence and PM 10 -adjusted PRs generated in the lowest ratio quartile compared with the upper quartiles. This suggests a stronger effect of wildfire smoke exposure and duration of exposure in the lowest airway size quartile. For these models, tests for statistical interaction between airway size and wildfire smoke exposures generated P-values larger than 0.10 for all symptom models except for the effect of wildfire smoke exposure on wheezing (P Ͻ 0.01). Also, although the percentages of respondents reporting eye symptoms are generally higher with presumed smaller airway size, the similarity of the PRs suggest smaller differences across airway-size groups than were observed for respiratory symptoms.
Assessing the association between wildfire smoke and any of the respiratory symptoms shows a monotonic duration response in both groups of lung function ratio (Table 4) . This pattern appears to be driven by the associations among a subpopulation of 357 participants without asthma or any history of wheezing (quartile 1: fire smoke for 1-5 days: PR ϭ 2.2; CI ϭ 0.96 -5.1; fire smoke for 6ϩ days: 4.2; 2.1-8.4; quartiles 2-4: fire smoke for 1-5 days: 1.6; 1.0 -2.7; fire smoke for 6ϩ days: 2.3; 1.3-4.0) and by those generated in a population of participants without allergies (Fig.) . Furthermore, with the exception of the effect of fire smoke exposure for 1-5 days in the 
DISCUSSION
We observed elevated associations between wildfire smoke and the prevalence of respiratory symptoms among 16-to 19-year-olds living in southern California communities affected by the 2003 wildfires. When we evaluated each of 4 respiratory symptoms individually and all 4 symptoms combined, we observed increasing symptom prevalence with increasing duration of wildfire smoke exposure. These associations were higher among individuals in the lowest quartile of lung function ratio, suggesting that among teenagers without asthma, airway size may serve as a marker of susceptibility to acute effects of wildfire smoke. Specifically, these data provide evidence that small airway size may enhance susceptibility to exposures lasting 6 or more days. The associations appear to be driven largely by the effects observed among nonasthmatic individuals without a history of allergies. We conducted this analysis to evaluate whether airway size may influence susceptibility to the effects of fire smoke. Thus far, this hypothesis has not been investigated in detail; therefore there are few published studies with which our findings may be compared. There are, however, pathophysiologic grounds as well as some empirical evidence in support of our hypothesis. For example, previous research has used the ratio between midexpiratory flow and vital capacity as an indicator of disproportionately small airways relative to lung size 12 ; a low ratio was thought to identify individuals with smaller airways relative to lung size and to be associated with bronchial hyperreactivity. Petty et al proposed that relatively small airways may indicate a mechanism for hyperreactivity that is independent of airway obstruction, the most common cause of bronchial hyperreactivity. 13 Moreover, it has been suggested that airway size modifies local particle deposition patterns in the lung, with deposition increasing as airway size decreases, 14 and there can be large differences in local deposition. 15 DeMeo et al observed smaller airways among firstdegree relatives of individuals with early onset of chronic obstructive pulmonary disease than among individuals in a comparison population. The observed difference was further amplified among smokers. 16 Tager et al reported the effect of chronic exposure to ambient ozone on measures of pulmonary function to be present only among nonasthmatic teenagers with relatively small airways. 17 If individuals with small airways are more susceptible to repeated and acute ozone exposures, and if such exposures affect development of the lungs during childhood and adolescence, then airway size may modify the effects of both acute and long-term air pollutant exposures. In our data, we also observed a higher crude prevalence of symptoms among students in the lowest sex-specific of lung function ration quartile than in the remaining quartiles, irrespective of fire smoke exposure. This observation further supports the notion of small airways as a marker for increased susceptibility.
Our conclusions are limited by the methods used to measure and define airway size. As a marker of airway size, the flow-capacity ratio should ideally be based on spirometric measures obtained during nonforced expiratory maneuvers rather than during forced exhalation because the process of forced exhalation may affect measurements, especially among individuals with reactive airways. To avoid this nondifferential measurement effect we excluded respondents with asthma; such an exclusion also eliminates additional heterogeneity due to the actions that participants with asthma reported taking during the time of the fires to avoid smoke exposure and to prevent exacerbation of their asthma-related symptoms. 8 Furthermore, limiting our analysis to individuals without preexisting asthma allowed us to create sexspecific ratio quartiles rather than quartiles created by both sex and asthma history. Inclusion of individuals with a history of asthma, a range of severity of current asthma, or persons with asthma controlled by medication might also improve our understanding of the importance of this measure of airway size. The lung function ratio we used may be a marker of both airway size and bronchial hyperreactivity, and therefore direct measures of airway size would (11) 16 (14) 14 (12) 9 (8) Nighttime dry cough 20 (17) 50 (14) 15 (13) 18 (15) 17 (15) Wet cough 16 (14) 46 (13) 17 (15) 13 (11) 16 (14) Wheezing 10 (9) 23 (7) 10 (9) 8 (7) (54) 158 (45) 55 (48) 58 (49) 45 (39) a Allergy symptoms are indicated by a positive response to any of the following baseline survey questions: ever had hay fever, doctor or other health care practitioner ever said child has allergies, in past 12 mo, runny nose for 3 or more days/wk for 3 or more months in a row.
b Any of the 4 respiratory symptoms: morning dry cough, nighttime dry cough, wet cough, or wheezing. c Any of the eye symptoms: irritated, itchy, or watery eyes.
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Airway Size and Wildfire Exposure be preferable. Direct measurement may be difficult, however, and here we show the potential utility of a marker based on spirometric measurement of lung function-a rather simple procedure. Because of the differences observed in measures of pulmonary function between boys and girls, we categorized the lung-function ratio into sex-specific ratio quartiles. The small numbers of participants in our analysis prohibited extensive analysis of modification of the exposure-symptom relationships by sex. Estimates generated from models that included sex as a covariate were not notably different from those presented in Table 4 . Nonetheless, we cannot rule out the possibility that other sex-related factors may be important and not fully accounted for in our analyses. Additional investigation of the role of sex and sex-related factors may further our understanding of the relationships among airway size, sex, air pollutant exposures, and respiratory symptoms. Interpretation of our findings is also limited by our dichotomous categorization of small airway size. Observable trends within our airway size quartile categories or across smaller ratio categories would provide more convincing evidence of modification; larger datasets with higher numbers of exposed and symp- tomatic individuals could provide additional evidence to support or refute this hypothesis. It is not clear to what extent the effects we observed in the lowest quartile of the lung function ratio reflects acute bronchial hyperreactivity, rather than a structural feature of the lung, namely airway size. One possibility is that individuals with hyperreactive airways suffer from undiagnosed asthma. When we conducted these analyses in a population restricted to 357 participants without asthma or any history of wheezing, we observed similar patterns suggestive of interaction between fire smoke exposure and airway size in the 4 respiratory symptom models. In alternate models constructed to maximize the statistical power of our analyses, we assessed the interaction between the sex-specific lung function ratio and fire smoke exposure. Broadly, these models generated results similar to those presented in Table 4 ; the evidence of interaction that emerged was consistent with our hypothesis. Finally, due to the statistical correlation between forced expiratory volume in 1 second (FEV 1 ), MMEF, FEV 1 /FVC, and MMEF/FVC, the findings we present here were similar to analyses conducted using the sex-specific quartiles of each of these other metrics (not shown). We present the results for the ratio of MMEF to FVC because of evidence that this ratio may be used as an indicator of airway size and because our a priori primary hypothesis was that airway size may modify the effect of fire smoke exposure. Due to the small number of 
FIGURE.
Prevalence of any of 4 respiratory symptoms (morning dry cough, nighttime dry cough, wet cough, or wheezing) (top) and of watery, itchy eye symptoms (bottom) (left axis, s) and PRs, with 95% confidence intervals, of the associations with duration of fire smoke exposure (right axis, ࡗ). Associations stratified by lung function ratio quartile and presented for all nonasthmatic survey participants and by allergy symptom status.
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Airway Size and Wildfire Exposure persons in our study population, our analyses lack the statistical power to investigate thoroughly the added value of using this ratio as an effect modifier, compared with the more traditional measures of lung function. Use of this ratio as an indicator of airway size and the finding of susceptibility based on this factor should be assessed in larger studies. The effect of fire smoke exposure on irritated and itchy/watery eye symptoms needs further consideration. In both airway-size groups, we observed a duration-response trend for eye symptoms. This finding is not surprising given the density of the smoke in the southern California region 8 ; also not surprising is the lack of a clear difference between these PRs generated across strata. Of note, however, are the across-strata differences in the prevalence of both eye symptoms in the highest exposure category. When we assessed the prevalence of any of the eye symptoms (ie, irritated, itchy, or watery eyes), we observed a higher percentage of respondents with any eye symptoms in the lowest quartile (no fire smoke exposure: 42%; fire smoke for 1-5 days: 62%; and fire smoke for 6ϩ days: 94%) compared with the remaining quartiles (no fire smoke exposure: 37%; fire smoke for 1-5 days: 56%; and fire smoke for 6ϩ days: 64%), with the largest difference observed in the highest exposure group. The prevalence differences observed may be due to random error. However, that the trend persisted when the population was restricted to the nonallergic participants (not shown) raises the possibility that this metric of airway size correlates with a genetic characteristic or with behaviors and other exogenous factors that are collinear with eye symptoms.
The analyses we present here have other important limitations that should be considered when interpreting our findings. We identified individuals' allergy status by using questionnaire data provided by parents at the time of the baseline survey. We used parent-and self-reported diagnosis of asthma to indicate a history of asthma. Improvements in classification of allergies and asthma history would reduce misclassification of individuals' health histories. The exposure and symptom information is based completely on selfreport; we have no validated or objective measurements of wildfire exposures in the home or of symptoms that occurred during the time of the fires. Our analyses are based on small numbers, which limit our ability to assess thoroughly whether individual subpopulations or specific symptoms are particularly affected by airway size. Perhaps most importantly, our analyses are an extension of findings published in 2006 showing evidence of a strong association between exposure to wildfire smoke and acute health symptoms. 8 Here, we hypothesized that these risks could be modified by airway size and thus our analyses differed from those of Kunzli et al 8 in several ways. First, the previous analysis included an elementary-school cohort that we have excluded because the members of the elementary-school cohort, aged 6 -7 years, did not complete pulmonary function testing prior to the 2003 wildfires. Second, these analyses do not partition the effects of within-community and between-community response, and we used log-binomial regression methods. Despite these differences, our results are similar to those first presented by Kunzli et al and were robust to such minor modifications to the statistical approaches applied to the data. In addition, Kunzli et al noted that recall and reporting biases might have explained associations of wildfire smoke exposure with respiratory outcomes. 8 Unless individuals with symptoms associated with small airway size are more likely to recall or report their symptoms or exposures, these biases are unlikely to explain the pattern we observed across strata of airway size. When we assessed the interval of time between the end of the fires and completion of the fire questionnaire as a potential confounder of the exposure-symptom associations, the point estimates and precision of these estimates were largely unchanged. Nonetheless, in future studies of this type, a shorter duration of time between the exposure and symptoms of interest and the survey could reduce the potential for self-reported data to be affected by poor recall.
The identification of susceptible subpopulations is an area of clinical and public health relevance. To target most efficiently medical therapies and preventive measures, health care and public health personnel need easily measured or observed markers of susceptibility, such as those based on health status, sex, or age. The results of our study suggest that the adverse effects of fire smoke are not necessarily restricted to individuals with preexisting respiratory diseases who might otherwise be considered to be at highest risk for exacerbation of their respiratory symptoms. Additional research is needed to elucidate the role of airway size relative to lung size in modifying acute and chronic effects of combustion-related air pollutants.
